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Abstract—This paper proposes a novel Kronecker-based
stochastic model (KBSM) for massive multiple-input multiple-
output (MIMO) channels. The proposed KBSM can not only
capture antenna correlations but also the evolution of scatterer
sets on the array axis. With the consideration of the evolution of
scatterer sets, the overall correlation matrices of the transmitter
and receiver are presented. In addition, upper and lower
bounds of MIMO channel capacities in both the high and
low signal-to-noise ratio (SNR) regimes are derived when
the numbers of transmit and receive antennas are increasing
unboundedly with a constant ratio. Furthermore, the evolution
of scatterer sets on the array axis is shown to decrease spatial
correlations of MIMO channels.

Keywords - Massive MIMO, KBSM, birth-death process,
channel capacity bounds, low and high SNR regimes.

I. INTRODUCTION

Recently, massive multiple-input multiple-output (MIMO)
systems [1] [2], which are equipped with tens or even hundreds
of antennas, have been proposed to satisfy the demand of
the fifth generation (5G) wireless communication networks
because they are capable of providing enhanced reliability and
increased capacity [1]-[3].

It is of crucial importance to develop efficient small-scale
fading channel models which are able to capture massive
MIMO channel characteristics in order to design and eval-
uate massive MIMO systems. The classic independently and
identically distributed (i.i.d) Rayleigh fading channels were
used in [4] to analyze massive MIMO system performance.
However, the i.i.d assumption may over-simplify the channel
model. Conventional correlation-based stochastic models (CB-
SMs) are usually utilized to study the performance of MIMO
systems with spatial correlation due to their low complexity.
The Kronecker-based stochastic model (KBSM) assumes that
the correlation matrices of the transmitter and receiver are un-
related [5], [6]. Channel capacities of massive MIMO systems
with KBSM were presented in [5] and [7]. Also, a KBSM
with line-of-sight (LOS) components was assumed in [8] for
capacity analysis of massive MIMO. On the other hand, joint
correlation at both the transmitter and receiver was included
in the Weichselberger MIMO model [9]. Sum rates of massive
MIMO systems with the Weichselberger MIMO model were
investigated in [10].

However, it was pointed out in [11] and [12] that all the
antennas elements may not observe the same set of scatterers

in massive MIMO systems. This property was not included in
the abovementioned conventional MIMO channel models. A
geometry-based stochastic model based on birth-death (BD)
process on the array axis was proposed in [13]. Although
this model is able to capture the massive MIMO characteristic
of cluster evolution on the array axis mentioned in [11] and
[12], it may not be feasible for capacity analysis because of
its complexity. Therefore, a novel simple channel model that
considers different sets of scatterers for different antennas is
necessary for capacity analysis of massive MIMO channels.
The contributions of this paper are listed as below:

1) A novel KBSM with BD process on the array axis
(KBSM-BD-AA) is proposed for massive MIMO chan-
nels. The BD process is abstracted by a survival prob-
ability matrix whose rows are values from exponential
functions. The survival probability matrix reduces chan-
nel correlations.

2) Upper and lower bounds of channel capacities of the
proposed KBSM-BD-AA in both the high and low
signal-to-noise ratio (SNR) regimes are investigated.

The remainder of this paper is organized as follows. Section
II describes the system model as well as the proposed KBSM—
BD-AA. Channel capacity analysis of the proposed KBSM—
BD-AA is derived in Section III. Results and discussions are
presented in Section IV. Conclusions are drawn in Section V.

II. SYSTEM MODEL

Let us consider an Mg x My MIMO system. The receiver
and transmitter are equipped with My and M7 uniform linear
antennas (ULAs), respectively. To study the performance of
massive MIMO systems, the numbers of receive and transmit
antennas are assumed to be unboundedly increasing with a

constant ratio, i.e., Mr, My — oo and v = % This
assumption was widely used in [7], [10], [14], [15]. The

MIMO channel can be characterized by an Mg x M complex
matrix H. Although only a narrowband channel is discussed
in this paper, the same analysis procedure can easily be
generalized to wideband channels by applying an orthogonal
frequency-division multiplexing (OFDM) system. Then, let v
be the transmitted symbol vector, the received vector y can be
expressed as

y=Hv+n (N
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where n is the zero-mean unit-variance additive white Gaus-
sian noise (AWGN) vector. In addition, we assume that the
mean power of the received signal via such an MIMO channel
is normalized as E [trace (HHY)| = MzMry, where E[]
calculates the expected value and trace () calculates the trace
of a matrix.

A. Conventional KBSM

The conventional KBSM assumes that spatial correlation
matrices of the receive arrays and transmit arrays are unrelated.
Hence, the channel matrix can be expressed as

H-R:H,R’ @

where H,, is an Mg x My matrix with zero-mean unit-
variance complex i.i.d Gaussian entries, R and Ry are over-
all spatial correlation matrices at the receiver and transmitter,
respectively. Additionally, if ULAs are deployed at the receiver
and transmitter sides, Rr and Ry are Toeplitz matrices [7].
To avoid repeated analysis, we only analyze the receiver side
in this paper as the analysis of the transmitter side follows
the same procedure. Furthermore, let us denote the complex
gain between the kth (kK = 1,2,---) scatterer and the mth
(m =1,2,--- ,Mpg) antenna as sﬁk, and the complex gain
between the kth scatterer and the nth (n = 1,2,--- , MR)
antenna as sfk. Let T'r yn be the spatial correlation coefficient
between the mth and the nth antennas and the entry of matrix
Tr in the mth row and nth column. Then, T ,,, can be
computed as

.
Xk: Sﬁzk (3§k>

TR,mn = 7 7 .

@ smkP\/; s |2

In the conventional KBSM, the above discussion implies that
all the antennas share the same set of scatterers. In this case,
Ry is equivalent to Ty, ie., T = Rp. However, the
equivalence between Tr and Rz may not hold if antennas
do not share the same set of scatterers. This will be studied
in later paragraphs.

3)

B. Proposed KBSM—BD-AA

It was reported in [11] and [12] that each antenna on a
large antenna array may not observe the same set of scatterers.
Scatterers may appear or disappear on the array axis. Examples
of scatter set evolution on the array axis are illustrated in Fig.
1. The same set of scatterers are observed by all the antenna
elements for conventional MIMO as discussed in Section II-A.
On the other hand, for massive MIMO, different antennas
may observe different scatters. In Fig. 1, Antenna 1 in the
massive MIMO observes Scatterers 1,2 and 3, while Antenna
k observes Scatterers 1,4 and 5. Antennas 1 and k only have
Scatterer 1 in common. We refer this effect as the evolution
of scatterer sets on the array axis. Therefore, the proposed
KBSM-BD-AA is developed to characterize this effect for
massive MIMO channels.

Scatterer3

)
Scatterer4

Scatterer5

Antenna 1 Antenna k Antenna 1 Antenna K

Conventional MIMO (K>>k) Massive MIMO

Fig. 1: Diagram of scatterer set evolution on the array axis for
massive MIMO.

The BD process was applied to cluster evolution on the
time axis in [16] and [17]. In this paper, the BD process
is adapted to modeling the evolution of scatterer sets on the
array axis. BD process on the array axis consists of two parts.
First, scatterers survive during the evolution of the scatterer
set on the array axis. Second, new scatterers are generated
when the scatterer set evolves. As a result, the scatterers in
the scatterer set of the mth antenna may not be the same as
those of the mth antenna. The number of scatterers shared
by both the mth and nth antennas is determined by the
scatterer survival probability. According to the BD process,
the survival probability Fr ., of scatterers when they evolve
from the mth antenna to the nth antenna can be modeled as
an exponential function [18]

ERmn = e #Im=nl 4)

where 5 > 0 is a parameter describing how fast a scatterer
disappears on the array axis. The value of Eg ,,, is decreasing
if m and n differ more. This implies that less scatterers are
shared if two antennas are more separated. Let T, . be
the antenna correlation between the mth and nth antennas
considering the evolution of scatterer sets on the array axis.
Then, T% ,,,, can be modeled as

*
; Sk (55k)
TI/%.,mn = ER,mn 7 7 = ER,mnTR,mn-
\/%3 I\/Z o8

S)

It can be observed that the antenna correlation of KBSM-BD-
AA for massive MIMO is equal to the antenna correlation
of KBSM for conventional MIMO multiplied by a factor of
ER mn. This is because only EFR ,,, of the scatterers for
the mth antenna are able to survive to be observed by the
nth antenna. At the same time, although there may be new
scatterers generated according to the BD process, these newly
generated scatterers are uncorrelated to the survived scatterers.
Therefore, the newly generated scatterers do not contribute to
the antenna correlation.
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C. Discussions

Let us now compare the conventional KBSM and the
proposed KBSM-BD-AA. All antennas observe the same set
of scatterers for conventional KBSM. The decrease of the
spatial correlation function (3) of the conventional KBSM is
purely determined by the spatial difference between antennas.
On the other hand, the spatial correlation function (5) of
the proposed KBSM-BD-AA is calculated by not only the
spatial difference between antennas but also the scatterer set
difference. The latter difference is more significant in massive
MIMO when the antenna array is large.

Furthermore, the scatterer evolution on the array axis is
memoryless. Namely, the survival probability of scatterers
evolving from the nth antenna to the mth antenna (denoted as
Pr{n — m}) is equal to that of scatterers evolving from the
the nth antenna to the mth antenna via an intermediate vth
antenna (denoted as Pr {n — v — m}, n < v < m). This can
be expressed as

Pr{n —-v—m}=Pr{n = v}Pr{v—om}
— ¢ Bm=v) ,=B(m—n) _ ,—p(m-n)

=Pr{n —-m}. (6)

Let Ep = [ERm”]MRXJV[R (m n =1,2,---,Mpg) and
Er = [Er, P‘Z]MTXMT (p,q = 1,2,---, M) denote the sur-
vival probability matrices at the receiver side and transmitter
side. The overall antenna correlation matrices R and R can
be represented as Rp = TroEpr and Ry = T7 o Ep where
o denotes the Hadamard product.

III. CHANNEL CAPACITY ANALYSIS

In this section, channel capacity of the proposed KBSM—
BD-AA in both the low and high SNR regimes will be
investigated. The normalized channel capacity without channel
knowledge at the transmitter side can be computed as [5]

1
C(p) = —— log, det <I+R H RTHHR2> (7
Mpg

where p is designated as SNR and I is the identity matrix.

For the sake of brevity, the term ‘capacity’ means the
normalized capacity (normalized with respect to bandwidth
and the number of receive antennas) unless further clarification
is provided.

A. Low SNR Approximation

In the low SNR regime, the channel capacity can be ana-
lyzed with the classic Shannon’s capacity function. However,
it was stated in [14] and [15] that the channel capacity can be
sufficiently well approximated in the first order with respect
to energy per bit to noise rat10 b (decibels) in the low SNR
regime. Therefore, the low SNR approx1mat10n is formulated
as [14], [15]

o2~ 20y, 7
No) My B2\ B

No min
So Ey Ey
—_ - — dB 8
10]\41-210‘%102 |:N0 ( ) NOmln( ) ( )

where £t = in2

N r, 1s the minimum energy per bit to
noise ratio for reliable communications which decreases as
the number of receive antennas increases. The capacity slope

Sp is expressed as [15]

My Mp
M7¢ (RR) + MgrC (Rr)

where ((-) is the dispersion of a matrix. For a n x n positive-

definite matrix @, its dispersion can be calculated as ¢ (@) =
race 2
% [15]. It can be easily seen in (8) that the channel

capacity C (E—(b>

So = ©))

is a linear function of energy per bit to noise

ratio N—b (decibels) in the low SNR regime.
1) Capaczty Upper Bound (p — 0): Since the dispersion
of the correlation matrix ¢ (Rpg) is equal to or larger than 1,

the slope Sy is upper bounded by [15]

2Mp M,
Sy < TR (10)
Mr + Mg
By
As a result, the capacity upper bound CY <EbN°> in the low
N0 min

SNR regime can be shown as

E 2 ® e
C b < lo No :CU _No . 11
<N0> ’Y+1 . <1€gmin> fTl(;min ( )

Equality holds true when the antennas are uncorrelated.

2) Capacity Lower Bound (p — 0): Let Er, = ERrmn
and Tr , = TR mn such that z is the absolute index difference
defined by z = |m—n/|. Then, the dispersion of the correlation
matrix Ry can be calculated as [15]

2 Mﬁfl
C(Rp) =1+ 7 > (Mg = 2)|Er:l|Tr-*.  (12)
z=1

It should be noticed that the absolute value of spatial corre-
lation between two antennas is less than or equal to 1, i.e.,
|Tr.| < 1. Consequently, the dispersion ¢ (Rp) is upper
bounded by

2 MR71

Rp)=1+-— Mp — 2)e” 252 |Tg |2

¢ (Rr) My ;il (Mg — 2) TR,
Mp—1 —283

1+e

_ 2)e—28%
<1+ P ;1 (Mg — z)e BT
(13)

as Mpr — oo. In this case, the slope is bounded by

2Mr Mg (1—€2ﬁ)

So =
O/MT+MR 1—|—€72/j

(14)

By
0 ) in the

b

0 min

Consequently, the capacity lower bound C* <
low SNR regime can be computed as

2(1—e 2 &
c & = ( c ) log, No
No (v +1) (1 +e26) Ly
Ly
N
No min

NO min

5)
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Equality holds true when |Tg .| = 1, which implies that the
antennas are fully correlated and the uncorrelated properties
between antennas are solely dominated by the evolution of
scatterer sets on the array axis.

B. High SNR Approximation

In the high SNR regime, the channel capacity can be
approximated in terms of SNR p as [5]

1
C(p) = Cialp) + i [log, det (Rg) + log, det (Ry)] .
(16)

The channel capacity Ciig(p) of an ii.d channel with
Mp, My — oo can be expressed as [19]

1
Ciia(p) = Mn log, det <A§THWHE>
F(1/y,9p) v<1
= 17
{iF(%p) v>1 a7
where
F(v,p)

= logy (14 p(v7 +1)%) + (7 + 1) logy (”\ém)

1—-+vV1—-a 14+«
— (lo e _— —1)lo —_—
(18)
L 4p A _ Al
with a = 1+p(\ﬁ+1)2 and o AL

1) Capacity Upper Bound (p — o0): It was shown in [5]
that antenna correlation degrades the channel capacity because
log, det (Rg) ,log, det (Ry) < 0. Then, the capacity upper
bound CV(p) in the high SNR regime is equivalent to the
capacity of i.i.d channels,

C(p) < Ciialp) = CY(p).

2) Capacity Lower Bound (p — o0): On the other hand,
the capacity lower bound C(p) in the high SNR regime can
be derived from (16) as

C(p)

1
= iid(p) + Mi [log2 det (TR o ER) + log2 det (TT o ET)]
R

(19)

> Cialp) + 37 [Qn +Qrl = () 20)
R

where Qr = max {log, det (Tr),log, det (Er)} and Qr =

max {log, det (Tr) ,log, det (Er)} are derived based on the

Schur-Oppenheim inequality [20], [21].

Matrices Er and Er caused by scatterer set evolution
decorrelate antennas in addition to antenna spacings. Since Er
and E7 are exponential correlation matrices with a Toeplitz
structure and Mg, M7 >> 1, their determinants can be
approximated as [22]

det (Ep) ~ (1— e 29)"" 7! Q1)

log, det (Eg) ~ (Mg —1)logy (1 —e 7). (22)
Moreover, as Tr and T are large-dimension Toeplitz ma-
trices, the logarithms of their determinants are able to be
solved by the Szego’s theorem [23] and tend to constants
as Mg, M7 — oo. Hence, it can be observed in (20)
that, provided a scattering environment, the gap between the
capacity lower bound and the capacity upper bound does not
vary with SNR.

As a special case, we assume that the normalized antenna
spacing is 0.5 and the scattering environment is isotropic.
Then, the spatial correlation between antennas can be char-
acterized by the zero-th order Bessel function of the first kind
Jo(+), ie., Tr, = Jo(mwz) [24]. According to the Szego’s
theorem [23], if the entries of the first column of a large
Toeplitz matrix (size tends to infinity) are able to be written
as the Fourier transform of a function f(\) as

1 [ 4
T, = — / F(N)e = aN, (23)
’ 2r J_,

the logarithm of the determinant of the correlation matrix T r
can then be calculated as [23]

Mg [™ .
log, det (Tg) = 2—: In f(A)e™# dA

—T

(24)

as Mpr — oo. The function f(A) can be computed by taking
the inverse Fourier transform of Tx . [25]. As a result, f ())
is computed as

f()\)z/ TR,ZeiZ’\dz:/ Jo(mz)e* dz

2
= = (A < ). (25)
With (25), (24) can be obtained as
MR g 2 (&
10g2 det (TR) = % ‘/_ﬂ— In \/ﬁdA = MR 10g2 (;) .

(26)

Therefore, combining the receiver and transmitter sides and
substituting (22) and (26) into (20), the capacity lower bound
of a massive MIMO system with half-wavelength arrays under
isotropic scattering environment in the high SNR regime can
be derived as

Ct(p)

~ C 1 € 28

~ Cialp) + <1+7> max{log2 (W),logg (1—e )}
27

as Mp, Mp — oo. In this case, the gap between the capacity
lower bound and the capacity upper bound is a constant

(1 + %) max {log2 (%) ,log, (1 — e*Zﬁ)}.
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Fig. 3: Antenna spatial correlation for the KBSM-BD-AA
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IV. RESULTS AND DISCUSSIONS

Fig. 2 shows the number of scatterers of different antennas
shared with Antenna 1. Fewer scatterers are in common as the
indices increase. Also, the parameter S controls the survival
probability of scatterers. The value of 5 can be tuned to adapt
to different scattering environments.

Antenna correlation with BD process of scatterers on the
array axis for massive MIMO is compared with antenna
correlation of conventional MIMO in Fig. 3. Lower antenna
correlation with BD process can be observed because of
the different scatterer sets between different antennas. The
gap enlarges when the normalized antenna spacing increases.
Moreover, larger values of 3 result in more significant drop
of antenna correlations.

The capacity analysis of the proposed KBSM-BD-AA in
the low SNR regime is depicted in Fig. 4. The analytic capacity
upper bound is the linear approximation under the i.i.d channel
assumption as derived in (11). The linearly approximated

0.4 T T T T T T
—s— Simulated upper bound (8 = o0o,i.i.d)
~@— Analytic upper bound (8 = 00,i.i.d)
= Simulation results (3 = 0.3)

——— Simulated lower bound (3 = 0)

0.3 | === Analytic lower bound (8 = 0)

0.35F

0.25F

015 Isotropic scattering

environment
0.1}

Capacity (bps/Hz/receive antenna)

i i i i i i i i i
7196 -195 -194 -193 —192 -191 -19 -189 -188 -18.7 186

Bit energy to noise ratio, ’%’, (dB)

Fig. 4: Capacity analysis in the low SNR regime for the
KBSM-BD-AA (Mr = Mt = 64).

capacity upper bound aligns well with the simulated (exact)
ii.d channel capacity in the low SNR regime. Next, the
analytic capacity lower bound of the KBSM-BD-AA is the
linear approximation based on the fully correlated channel
assumption as derived in (15). In this case, the scatterer
evolution on the array axis is solely responsible for the
uncorrelated properties of the channel. It can be observed that
the linear approximation of the capacity lower bound of the
KBSM-BD-AA has a significantly smaller slope than that of
an i.i.d channel. The decrease of the slope is caused by antenna
correlations. It is demonstrated by simulation that the linear
approximation of the capacity lower bound matches the exact
channel capacity properly. The simulated (exact) capacity of
the KBSM-BD-AA 1in an isotropic scattering environment lies
between the upper and lower bounds.

Fig. 5 illustrates the upper and lower capacity bounds of the
KBSM-BD-AA in an isotropic scattering environment as well
as the simulation results in the high SNR regime. It can be
noticed that simulation results match analytic derivations well.
In addition, the gap between the upper and lower bounds is
constant when the SNR is high. Again, the simulated capacity
of the KBSM-BD-AA lies within the upper and lower bounds.

Cumulative distribution functions (CDFs) of capacities of
the KBSM-BD-AA in an isotropic scattering environment are
shown in Fig. 6. SNR is set to be 25 dB. These CDFs of
capacities are shifted by different values of 3. The gap of
capacity medians between 8 = 0 and § = oo is approximately
0.55 bps/Hz/receive antenna.

V. CONCLUSIONS

A novel KBSM-BD-AA for massive MIMO has been
proposed in this paper. The evolution of scatterer sets on
the array axis has been modeled by the BD process. With
this consideration, the overall antenna correlation matrix is
equivalent to the Hadamard product of the spatial correla-
tion matrix and survival probability matrix. Upper and lower
bounds of channel capacities have been analyzed in both the
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high and low SNR regimes when the numbers of transmit and
receive antennas are increasing unboundedly with a constant
ratio. The BD process on the array axis additionally decreases
correlations between antennas since antennas in a large array
may observe different sets of scatterers.

ACKNOWLEDGMENT

The authors gratefully acknowledge the support of this work from
the EU FP7 QUICK project under Grant PIRSES-GA-2013-612652,
the EU H2020 5G Wireless project under Grant 641985, the Ministry
of Science and Technology of China through the 863 Project in
5G under Grant 2014AA01A707, and the National Science and
Technology Major Project under grant 2014ZX03003012-001.

REFERENCES

[1] E. G. Larsson, O. Edfors, F. Tufvesson, and T. L. Marzetta ‘“Massive
MIMO for next generation wireless systems”, I[EEE Commun. Mag., vol.
52, no. 2, pp. 186-195, Feb. 2014.

[2] F. Rusek, D. Persson, B. K. Lau, E. G. Larsson, T. L. Marzetta, O. Edfors,
and F. Tufvesson, “Scaling up MIMO: opportunities and challenges with
very large arrays,” IEEE Signal Processing Mag., vol. 30, no. 1, pp. 40—
60, Jan. 2012.

[3] L. Lu, G. Y. Li, A. L. Swindlehurst, A. Ashikhmin, and R. Zhang, “An
overview of massive MIMO benefits and challenges,” IEEE J. Sel. Signal
Process., vol. 8, no. 5, pp. 742-758, Oct. 2014.

[4] K. R. Kumar, G. Caire, and A. L. Moustakas, “Asymptotic performance
of linear receivers in MIMO fading channels,” IEEE Trans. Inf. Theory,
vol. 55, no. 10, pp. 4398-4418, Oct. 2009.

[5] A. Paulraj, R. Nabar, and D. Gore, Introduction to Space-Time Wireless
Communications., Cambridge University Press, Cambridge, 2008.

[6] X. Hong, C.-X. Wang, B. Allen, and W. Malik, “A correlation based
double-directional stochastic channel model for multiple-antenna UWB
systems,” IET Microwaves, Antennas & Propagation., vol. 1, no. 6, pp.
1182-1191, Dec. 2007.

[7] C.-N. Chuah, D. N. C. Tse, J. M. Kahn, and R. A. Valenzuela, “Capacity
scaling in MIMO wireless systems under correlated fading,” IEEE Trans.
Inf. Theory, vol. 48, no. 3, pp. 637-650, Mar. 2002.

[8] G. Taricco, “Asymptotic mutual information statistics of separately cor-
related Rician fading MIMO channels,” IEEE Trans. Inf. Theory, vol. 54,
no. 8, pp. 3490-3504, Aug. 2008.

[91 W. Weichselberger, M. Herdin, H. Ozecelik, and E. Bonek, “A stochastic
MIMO channel model with joint correlation of both link ends,” IEEE
Trans. Commun., vol. 5, no. 1, pp. 90-100, Jan. 2006.

[10] C. -K. Wen, S. Jin, and K. -K. Wong, “On the sum-rate of multiuser
MIMO uplink channels with jointly-correlated Rician fading,” IEEE
Trans. Commun., vol. 59, no. 10, pp. 2883-2895, Oct. 2011.

[11] S. Payami and F. Tufvesson, “Channel measurements and analysis for
very large array systems at 2.6GHz,” in Proc. of the 6th European
Conference on Antennas and Propagation, Prague, Czech Republic, Mar.
2012, pp. 433-437,

[12] X. Gao, F. Tufvesson, O. Edfors, and F. Rusek, “Measured propagation
characteristics for very-large MIMO at 2.6 GHz,” in Proc. of the 46th
Annual Asilomar Conference on Signals, Systems, and Computers, Pacific
Grove, California, USA, Nov. 2012, pp. 295-299.

[13] S. Wu, C.-X. Wang, H. Aggoune, M. M. Alwakeel, and Y. He, “A
non-stationary 3D wideband twin-cluster model for 5G massive MIMO
channels,” IEEE J. Sel. Areas Commun., vol. 32, no. 6, pp. 1207-1218,
Jun. 2014.

[14] S. Verdu, “Spectral efficiency in the wideband regime,” [EEE Trans. Inf.
Theory, vol. 48, no. 6, pp. 1319-1343, Jun. 2002.

[15] A. Lozano, A. M. Tulino, and S. Verdd, “Multiple-antenna capacity in
the low-power regime,” IEEE Trans. Inf. Theory, vol. 49, no. 10, pp.
2527-2544, Oct. 2003.

[16] T. Zwick, C. Fischer, D. Didascalou, and W. Wiesbeck, “A stochastic
spatial channel model based on wave-propagation modeling,” IEEE J. Sel.
Areas Commun., vol. 18, no. 1, pp. 6-15, Jan. 2000.

[17] T. Zwick, C. Fischer, and W. Wiesbeck, “A stochastic multipath channel
model including path directions for indoor environments,” IEEE J. Sel.
Areas Commun., vol. 20, no. 6, pp. 1178-1192, Aug. 2002.

[18] A. Papoulis and S. U. Pillai, Probability, Random Variables, and
Stochastic Processes., 4th ed, McGraw-Hill, New York, 2002.

[19] A. M. Tulino and S. Verdd, Random Matrix Theory and Wire-
less Communications., Foundations and Trends ® in Communications
and Information Theory, vol. 1, no. 1, pp. 1-182, Jun. 2004. doi:
10.1561/0100000001.

[20] G. P. H. Styan, “Hadamard products and multivariate statistical analysis,”
Linear Algebra Appl. 6, pp. 217-240, 1973.

[21] Z. Yang and X. Feng, “New lower bound of the determinant for
Hadamard product on some totally nonnegative matrices,” Springer J.
Appl. Math. & Computing., vol. 25, no. 1-2, pp. 169-181, 2007.

[22] S. L. Loyka, “Channel capacity of MIMO architecture using the ex-
ponential correlation matrix,” /[EEE Commun. Lett., vol. 5, no. 9, pp.
369-371, Sep. 2001.

[23] M. Miranda and P. Tilli, “Asymptotic spectra of Hermitian block Toeplitz
matrices and preconditioning results,” STAM J. Matrix Anal. Appl., vol.
21, no. 3, pp. 867-881, Feb. 2000.

[24] M. Patzold, Mobile Radio Channels., 2nd ed., John Wiley & Sons, West
Sussex, 2012.

[25] N. Sun and J. Wu, “Maximizing spectral efficiency for high mobility
systems with imperfect channel state information,” IEEE Trans. Wireless
Commun., vol. 13, no. 3, pp. 1462-1470, Mar. 2014.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


